We have previously demonstrated that overexpression of Sam68 functionally substitutes for, as well as synergizes with, HIV-1 Rev in RRE-mediated gene expression and virus replication. In addition, C-terminal deletion mutants of Sam68 exhibit a transdominant negative phenotype in HIV replication. We now report that Sam68 also enhances the activities of Rev-like proteins of other complex retroviruses (e.g. HTLV-1 and EIAV) on their respective RNA targets. Furthermore, we demonstrate that Sam68 can function alone as well as synergize with Rev-MS2 and/or Rex-MS2 chimeric proteins on expression mediated by the corresponding RRE-MS2 fusion RNA element. Additionally, dominant negative mutants of Sam68 also repressed the synergistic activation of Sam68 with Rex, E-Rev, and/or Rev-MS2/ Rex-MS2 on their corresponding RNA targets. Thus, Sam68 may play an important role in the posttranscriptional regulation of all complex retroviruses.
activation Complex retroviruses, including human immunode®-ciency virus (HIV), Human T-cell leukemia virus (HTLV) and equine infectious anemic virus (EIAV), utilize a common strategy for the nuclear export of intron-containing viral genomic and messenger RNAs (reviews by Hope, 1997; Cullen, 1998) . They encode an RNA binding protein, Rev (HIV and EIAV) or Rex (HTLV), which binds to their RNA response elements, RRE or RxRE respectively (Hanly et al., 1989; Unge et al., 1991) . In addition to the RRE/RxRE binding domains and a nuclear localization signal (NLS), both HIV-1 Rev and HTLV-1 Rex encode a leucine rich nuclear export signal (NES), which interacts with the nuclear export receptor CRM-1 (Fornerod et al., 1997; Neville et al., 1997; review by Mattaj and Englmeier, 1998) . Furthermore, Rex has been shown to be able to transactivate HIV-1 RRE (Rimsky et al., 1988) , and various cellular proteins that interact with Rev have also been shown to associate with Rex (Bogerd et al., 1995; Fritz et al., 1995; Katahira et al., 1995; Luo et al., 1994) . In contrast, the EIAV Rev (ERev) contains an atypical NES that lacks the consensus sequence for CRM1-interacting NESs in Rev/Rex proteins (Fridell et al., 1993; Mancuso et al., 1994) . In addition to facilitating the nuclear export of intron-containing mRNAs, ERev also mediates an alternative splicing of the fully spliced viral transcript that expresses ETat (Martarano et al., 1994) . Microinjection studies have demonstrated that the Rev NES competes with the ERev NES (Meyer et al., 1996) . Therefore, ERev is likely to also use the CRM1 nuclear export pathway. In support of this hypothesis, Otero et al. (1998) demonstrated that the nuclear export pathways of both Rex and ERev are sensitive to leptomycin B (LMB), a drug that disrupts the CRM-1/RanGTP nuclear export complex (Wol et al., 1997) .
We recently reported that over-expression of a cellular protein, Sam68, could activate HIV-1 RRE mediated gene expression in the absence of Rev. Furthermore, Sam68 synergizes with Rev in transactivation of RRE. Finally, Sam68 mutants deleted in the carboxyl-terminus were potent inhibitors of Rev activity and HIV replication. In this study, we examined if Sam68 exerted a general eect on other Rev-like proteins and RRE-like elements. Here, we report that Sam68 enhances the activities of HIV-1 Rev (Rev1) on HIV-2 RRE (RRE2), Rex and ERev on their RNA targets, as well as Rev-MS2 and Rex-MS2 fusion proteins directed to interact with RRE-MS2 elements. Furthermore, we showed that the dominant negative mutants of Sam68 also suppressed gene expression in all these systems. Therefore, Sam68 may be involved in the post-transcriptional regulation of all complex retroviruses.
Sam68 enhances Rex-and ERev-mediated transactivation
To determine whether Sam68 transactivates through other retroviral RNA export elements, we co-transfected RxRE-ERRE-, RRE2-, or RRE1-CAT with and without Sam68 expression plasmids into 293T cells and measured CAT activity in the cell extracts. Sam68 alone failed to activate basal RxRE-CAT (XRE-CAT) expression (Figure 1a ), and only gave marginal activation of ERRE-CAT ( Figure 1b) . We have observed that unlabeled RxRE was as ecient as unlabeled RRE RNA in competitive inhibitory binding of Sam68 to 32 P-labeled RRE RNA. This indicates that Sam68's anity for RxRE is as great as that for RRE (unpublished data). Co-transfection with Rex and ERev induced 60-and 31-fold increase in RxRE-, and ERRE-mediated CAT gene expression over basal levels, respectively (Figure 1a, b) . However, Sam68 greatly enhanced CAT gene expression when coexpressed with Rex (165-fold; Figure 1a ) and/or ERev (61-fold; Figure 1b ) over basal levels. Several mutants of Sam68 (DKH; D410-443; D42-329 (TP15) and P439?R (P21); Reddy et al., 1999; Reddy, 2000) that did not activate RRE1 also had no eect on these RNA export elements (data not shown).
Since HIV-1 Rev can activate HIV-2 RRE (Lewis et al., 1990) , and the HTLV-1 Rex the HIV-1 RRE (Rimsky et al., 1998; Felber et al., 1989) , we examined if Sam68 also enhanced these heterologous transactivations. As shown in Figure 1c , Sam68 induced a 10-fold increase on RRE-2 mediated CAT reporter gene expression over basal levels, which is similar to the eect of Sam68 on HIV-1 RRE-mediated gene expression (Reddy et al., 1999) . Expression of Rev alone yielded a 58-fold increase, whereas co-expression ) were co-transfected with the indicated combinations of each of XRE-, ERRE-, RRE 2-, RRE 1, XRE/Rev (0.8/0.1 mg), PRE-CAT (0.2 mg), Sam68 (0.2 mg), Rex (0.05 mg), ERev (0.05 mg) and Rev (0.05 mg) expression plasmids using the Fugene6 reagent according to the manufacturer's protocols (Boehringer). To assess the eect of transdominant negative mutant, P21, 293T cells were co-transfected with the indicated combinations of each of XRE-, ERRE-, RRE2-, RRE1-CAT (0.1 mg), Rex (0.05 mg), ERev (0.05 mg), Rev (0.05 mg), Sam68 (0.1 mg) and P21 (1 mg) expression plasmids. To normalize the transfection eciencies, we have used 0.1 mg of pcDNA-Lac Z expression vector as an internal control. We have used pcDNA3 to equalize the amount of DNA to 1.5 mg for each transfection. Forty-eight hours post-transfection, cell extracts were prepared and subjected to CAT enzyme assays as described previously (Reddy et al., 1999) of Sam68 with Rev resulted in 4230-fold increase over the basal RRE-2 mediated CAT gene expression (Figure 1c) . Similarly, Rex activated RRE-1 mediated CAT expression 51-fold, whereas Rex in conjunction with Sam68 resulted in 4450-fold increase (Figure 1d) . It has been shown that Rev is unable to reciprocate in transactivation of RxRE (Felber et al., 1989; Hanly et al., 1989) , and we found that Sam68 failed to reconstitute the Rev function on RxRE-mediated transactivation (Figure 1e ). These results indicate that Sam68 increases the activities of Rev-like proteins of all complex retroviruses examined. In contrast, Sam68 has no eect on gene expression mediated by the hepatitis B post-transcriptional regulatory element (PRE), which also regulates expression at the posttranscriptional level (Otero et al., 1998;  Figure 1e ).
Inhibition of Rex-and ERev-mediated transactivation by transdominant mutants of Sam68
We have previously demonstrated that the C-terminal deletion mutants of Sam68 exerted a dominant negative phenotype for HIV-1 replication (Reddy et al., 1999) . Recently, we also observed that a mutant P439?R (P21) with a single point mutation in the NLS of Sam68 eciently blocked the Rev/RREmediated transactivation (Reddy, 2000) . To determine whether these transdominant negative mutants also generally inhibited Rev/Rex-mediated transactivation, we measured their eects on the synergistic transactivation by Rex and/or ERev in conjunction with Sam68. As shown in Figure 1a ,b, P21 mutant eectively inhibited CAT expression mediated by RxRE and ERRE respectively. Similarly, Sam68D420-443 (DC' mutant; Reddy et al., 1999) also suppressed CAT gene expression directed by RxRE and ERRE (data not shown). The TP15 mutant which did not inhibit Rev/ RRE expression (Reddy et al., 1999) served as a negative control. Inhibition of CAT activity by transdominant Sam68 mutants was dose dependent and was observed also in the absence of wild-type Sam68 (data not shown).
Similarly, the transdominant mutant, P21, also suppressed Sam68/Rex/HIV-1RRE- (Figure 1c ) and Sam68/Rev-1/HIV-2RRE-mediated CAT gene expression (Figure 1d) . Furthermore, P21 mutant also inhibited wild-type HIV-2 replication (data not shown). These results suggest that the dominant negative mutants of Sam68 are able to broadly interfere in the replication of complex retroviruses.
Sam68 induces Rev-MS2/bulMS2A-mediated reporter gene expression
The HIV-1 Rev directly interacts with the stem-loop 2 sequence on the HIV-1 RRE (Xu et al., 1996) . It has been shown that an RRE mutant deleted in stem-loop 2 and fused to an RNA element of the bacteriophage MS2 RNA (bul-MS2A) could be activated by Rev provided the latter was tethered to the MS2 coat protein which binds MS2 RNA (McDonald et al., 1992) . We wanted to determine whether Sam68 would enhance the activities of Rev-MS2 and/or bul-MS2A mediated gene expression. Since earlier studies have demonstrated that Rev needs duplicate copies of bul1 for maximal activity (McDonald et al., 1992) , we used a reporter construct that has two tandem copies of bulA3-MS2 (pDM258). We co-transfected DM258 alone or with Sam68 in the presence or absence of Rev(R)-MS2 (MB3, McDonald et al., 1992) expression vectors. As shown in Figure 2a Sam68 alone induced an eightfold increase in bulA3MS2-mediated gene expression, whereas Rev(R)-MS2 expression yielded a 15-fold increase. Wild-type Rev failed to enhance bulA3-MS2-mediated reporter gene expression (data not shown), indicating that the interacting sites of Sam68 and Rev on RRE are distinct. Rex-MS2 also transactivated CAT expression (32-fold) in this reporter system consistent with an earlier observation (Otero et al., 1998) . Co-expression of Sam68 in conjunction with Rev(R)-MS2 or Rex-MS2 resulted in a further increase (34-fold and 63-fold respectively) of bulA3-MS2-driven CAT reporter gene expression over the basal levels (Figure 2a) . Furthermore, the activities of Rev-MS2 and Rex-MS2 on their respective RNA targets were inhibited by transdominant Sam68 mutants (Figure 2b ). 175 mg) , Rev, Rex-MS2 (0.175 mg) and P21 (1 mg) were subjected to CAT assay. We have used pcDNA3 to equalize the amount of DNA to 1.5 mg for each transfection. Forty-eight hours post-transfection, cell extracts were prepared and subjected to CAT enzyme assays as described in Figure 1 In summary, our results showed that Sam68 exert a global eect on the expression of complex retroviruses mediated by their RNA export elements and corresponding viral transactivating proteins. The eects of Sam68 on basal expression from the various RNA elements are variable, with HIV-1 and HIV-2 RRE being more responsive than the EIAV RRE and HTLV-1 RxRE. This may be due to dierent anities of Sam68 interaction with these elements in vivo, even though Sam68 binds to HIV-1 RRE and RxRE equally well in vitro (Reddy et al., 1999 and unpublished data) . Our data with the bul-A3MS2 construct presented here suggest that the binding sites for Sam68 and Rev are distinct. It would be of interest to determine if Sam68 directly binds to the other viral RNA elements. In any event, we found that Sam68 greatly enhanced the eects of all the Rev/Rex proteins tested, and overexpression of Sam68 mutants defective in the NLS resulted in the inhibition of all Rev/Rex mediated transactivation (Figure 1 ). These mutants have been shown to be localized in the cytoplasm (Reddy et al., 1999; Reddy, 2000) , and Rev co-expressed with the DC' mutant (D330-443; Reddy et al., 1999) was trapped in the cytoplasm, thus providing the basis for the inhibition (Reddy et al., 1999) . A similar mechanism may be operative for the inhibition of other Rev/Rex proteins. Whether Sam68 does directly interact with these proteins, and the signi®cance of this interaction in the replication of complex retroviruses remain to be determined.
